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INTRODUCTlON 
The importance of the quality of the solvent in coal liquefaction is well known. Model solvent 
studies have helped to characterise and elucidate reactions occurring during coal liquefaction, 
paniculady coal dissolution but have been limited in that the model solvents chosen have not 
been very represcntativc of actual process solvents. Tetralin. the model solvent often used. is 
unlikely IO be present in a significant concentration in recycle solvents which tend to contain 
mainly three and four ring compounds. Studies using hydroaromatic compounds with three 
and four rings are more representative but again hardly represent the complex nature of recycle 
solvents. Consequently. there is a need to undertake studies using more complex model 
solvents. parlicularly lo cvaluatc the conuibution from individual hydrogen donon to coal 
dissolution. 

EXPERiMENTAL 
Sam~les of hvdromnated Dhenanlhrcne and hvdroeenated Dvrene were obtained bv 

~ -, 
hydrogenating theparent aromatic compoundLsini a CoMicatalyst under a high hydmgen 
overpressure at elevated temperatures. Some variation in reaction conditions did apply but 
typical conditions were: 200 bar H2 at 400012 for 2h, lOOg of aromatic and 5g of 3% Co/lS% 
Mo catalyst. All hydrogenations were conducted in a spinninufalling basket autoclave with the 
catalyst contained in a squat wire mesh basket as described previously (I). 
. Coal dissolution experiments were also carried out in the spinning/falling basket autoclave. 
The experiments used 3OOg of solvent and 150 g of air dried Point of Ayr coal (supplied by 
CRE). mainly at 42oOC with variation in run times from 1 to 6h. The proximate (mass %, air 
dried) and ultimate (mass%. drnmf) analyses of the coal sample were: proximate - ash 15.9, 
moisture 3.5 and volatites 27.8%; and ultimate -carbon 84.6, hydrogen 4.6, nitrogen 1.3, 
sulphur 1.3 and oxygen (by difference) 8.2%. The solvents used were denoted as follows: 
solvent A - hydrogenated phenanthrene; solvent B - 50 mass % hydrogenated phenanthrene 
plus 50 mass% phenanthrene; solvent C - 50 mass %. hydrogenated phenantlutne plus 50 
mass % pyrenc; solvent D - hydrogenated pyrene; and solvent E - 50 mass % hydrogenated 
P W m  plus 50 mass % hydrogenated phenanthrene. 

M e r  the dissolutions. undissolved material was removed by elevated pressure fduation 
(2 barN2 at 2000C) through a special unit described elsewhere@). The filter cakes were 
washed with dichloromethane (DCM) IO m o v e  entrained solvent at a DCM cake ratio of 5 :I;  
the solvent was removed by vacuum filtration and the cake was washed with funher portions of 
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DCM until the washings wcrc colourlcss. Samples of dricd washed filter cakes were analysed 
for their ash contents using a Lcco Proximate Analyser. 

The filtered coal liquid was separatcd by solvcnt fractionation into toluene-insoluble, tolune- 
solublehexane insoluble and hcxanc-soluble matcrials. The hexane-soluble matcrials were 
analysed by gc using an OVl0l capillaty column contained in a Perkin-Elmer Sigma 38 
Chromatograph equippcd with 'on-column' injcction. Similar gc analysis was carricd out on 
the starting solvcnts dissolvcd in hcxanc. - 
Analvsis of SolvcnLs 
The resul~s of thc quantitativc gc analysis of the livc modcl solvents are shown in table I .  The 
conlcnts of a c  various hydmammalic of phcnanthrcnc and pyrenc. including the separate 
gcomctric isomcrs as wcll as pcaks ch ractcriscd as products from cracking reactions during the 
hydrogcnations (butyltcmlin and biphcnyl) have tccn quantified. Characterisation of the 
chromatograms madc usc ol'markcr compounds and gc.ms information supplied by CRE. 
Unfortunatcly thc pcaks I'or the two gcomctric isomcrs of H@y and HloPy could not be 
allribulcd io thc spccilic isomcrs and arc rcfcrrcd to as H@yl, HspY2.H10py' and HloPy2 

In ligurc I ,  thc chmmatogram oflhc most complcx ofthe solvents (solvent E) is compared 
with that of a batch of rccyclc solvcnl (supplied by CRE). Although there was a diffcrence in 
Lhc ramp ra~cs for thc tcmpcraturc prognmmc for thc two chromatograms (5OC min -I for the 
rccyclc solvcnt. 8°C min - I  for solvent E). it is apparcnt h a t  many of the peaks for the recycle 
solvcnl chmmaiogram wcrc i n  common wilh lhosc for thc solvent E chmmatogram, showing 
thal solvcnt E would bc vcry rcprcscnuivc of an actual process solvcnt. 

Coal Dissolution - Commrison of Snlvcnt Pcrrormanccs 
Thc solvcnts wcrc comparcd ii i  :I scrics of coal dissolution cxpcriments conduclcd at 4200C for 
diffcreni times. Thc r c s u l ~ ~  for solvcnb A.B. D and E arc illustratcd graphically in figure 2. 
For solvcnl C only 2h duplicalc cxpcrimcnts wcrc conductcd, giving dissolutions (calculated by 
ash balancc and cxprcsscd on 'dnT' basis) of 69.2 and 69.4%; duplicate cxperimcnts were also 
carricd out Ihc solvcnl A for Ihc 211 run and gavc idcntical dissolutions 0172.4%. In spite of 
thc cxccllcnl repcalability nf the rcwlts, i t  is considcrcd that the value for solvent D ai 2h was 
abnormally high. 

The Iota1 hydrogcn donor cnntcnis of ihc starting solvents wcre evaluated from their gas 
chromalograms. For l l ic rccyclc solvcnis fractions aftcr dissolulion. it  was assumed that the 
hcxmc-soluble matcrial conlaincd 1hc rccyclc .solvent only and hcncc their hydrogcn donor 
contcnLs wcrc dclcrmincd from thc chromalograms of h c  hcxane-soluble fractions see 
(figure 3). This assumplion was rcasoniiblc since the starting solvcnts were soluble in hexane 
( S 9 . 5 8 )  but most of ihc mi1 fragmcnis produccd during dissolulion would not be and mass 
bdwcc calculation on Ihc soluhilily rcsulls indicated Ihat the proportion cxlracted by hexane 
corrcspondcd wcll with the mass of solvcnt in Ihc dissolution. 

Aftcr onc hour, solvcnt A (hydmphcnanthrcnes) dissolved 62.4% of 'daf' coal and its H- 
donor content was rcduccd from 2.3 IO I .4% i.c. by 39%. For solvent D after one hour. the 
H-donor conlcnt was reduccd by 61% from 1.8 to 0.7% for a dissolution of 72.4%. ARcr4h 
dissolution wilh solvcnl A, dissolulion incrcascd to 72.4% but donor dcpletion was only 57%. 
Hcnce hydropyrcncs induccd a highcr dissolulion aficr Ih bui used more of their H-donor 
contcnl lo producc thc samc dissoluiion, probably as a rcsulc ofproducing wasteful hydrogcn 
gas through dchydrogcnlalion without uiilising thc hydrogen for capping radicals. 

Solvcnl E. which conlaincd bolh hdmphcnanthrcncs and hydropyrcnes, effected a b u t  the 
samc dissolulion as solvcnt D a(icr Ih (71.9 ~ 7 2 . 4 % )  but utiliscd less of its H-donor content 
(49 vs 61%). Solvcnt B, which only has w initial H-donor content of 1.15%. showed the 
lowest dissolution (57.3% aflcr 2h) whcrcas solvcnt C with thc samc initial H-&nor content 
provided P dissolulion of  69.2% aflcr 2h. Thcrefore the addition of pyrenes to hydro- 
phcnanhrcncs induccs a grealcr dissolution lhan the addition of phenanthrenc, probablc 
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because pyrcne is more ablc to promote H-shuttling. The improved dissolution with solvcnt C 
was at the cxpcnse of a highcr H-donor depletion (61 vs. 52%). 

Coal Dissolution - Deolction of Individual Donors, 
Thc variation of the contents of hydrophcnanthrencs and phenanthrene with time is depicKd in 
Figure 4 for solvcnts A and E Figurc 5 shows similar plots for the hydropyrenes and pyrene for 
solvcnts E and D. The gcncnl trcnds in fiyrc 3 are: a gradual rise on the phenanthrene content 
becoming linearaftcr the first hour: a rapid fa11 on the H;?P and s- HgP contents. particularly 
over the first hour, an initial rise in the contcnt of H4P (due to it being produced from the 
dehydrogenation of s-HgP morc rapidly than it being lost by dehydrogenation to HzP) followed 
by a gradual fall; an an almost conslant (solvcnt E) or  small decrease (solvent A) in the wntent 
of a-HxP. Thc initial rapid dccrcasc in the contents of s-HgP and H2P corresponded with the 
initial incrcasc in the phcnanthmnc contents and Ihc dccrease was more rapid for solvent A 
bccause of thc ahscncc of hydropyrcncs which appcar to have a larger contribution then 
hydropyrcncs in thc carly stagcs of dissolution. 

Thc gcncral trcnds in f iprc 4 arc: a rapid incrcasc in the pyrene contcnt over the first hour 
after which the pymnc contcnl sccmcd IO approach a constant value; a rapid decrease in the 
contcnL$ of H4Py. thc two H6Py isomcrs and thc two HlOPy isomers: and an initial decrcasc in 
thc contcnlol. H2Py aftcr which thcrc was a tendency to approach a constant value, mirroring 
thc Py contcnt and suggcsting thiit an cquilhrium ratio of H2Py: Py was being approached. 

E over Ih. I t  can bc sccn that. apan from H2Py. thc hydropyrencs were depleted by similar 
cxtcnts and to much Iargcr cxtcnts Lhan the hydrophcndathrcnes. Therefore most of the 
hydmpyrcnc conlcnts in Ihc rccyclc solvent fraction will be lost morc rcadily than the 
hydrophenanthrcnc contents and. aftcr thc carly stages of dissolution, the only hydropyrenc 
rcmaining in a significant amount will by HzPy. For the hydrophenanthrenes. the HzPand 
s-HgP contcnts dcspitc bcing rcduccd quite quickly will still be in sufficient quantities to 
providc a supply of dornr hydrogcn after most of thc hydropyrenc content has been used. The 
conccntralion of a-HxP was not reduced. indicating it  has a higher stability towards 
dchydmgcnation. Howcvcr. its contcnt might bccome imponant in the later stages of 
dissolution whcn its nic ofdchydrogcntntion might bc sufficiently fast to provide hydrogen for 
capping thc radicals produced from clcavage of the more stable bonds bridging aromatic 
ccntres. 

calalytically cracked and stabilisation of the camat ions  produces should come from the 
hydrogcn hcld as hydridcs at the catalyst surfacc not demanding any solvent H-donation. 
However, thc sccond stage is oftcn opcratcd at higher tcmperatures and some thermally 
promoted cracking might take placc in thc bulk phase in which case the likely presence of the 
donors H2Py and a-HXP could bccomc imponant for funhcr radical stabilisation. 

Table 2 shows thc pcrccntagc rclativc dcplctions of the various hydrogen donors for solvent 

In a two-stage liqucfxtion process, bridging bonds surviving dissolution will be mainly 

, 

€cm€umm 
Thc rate of coal dissolution is improvcd by the prcsence of hydropyrcnes but thcse 
hydmaromatic compounds utilisc mom of their hydrogcn donor contents than do 
hydrophcnanthrcnes for thc same Icvcl of dissolution. Thc bcsi solvent is one containing both 
hydrophcnanthrcnes and hydropyrcncs and generally the contents of these compounds in actual 
P m S S  rccyclc solvcnt are high. Most of the coal is dissolved in the early stages and thereafter 
funher dissolution becomes cxpcnsive in terms of consumption of hydrogen donors i.e. most 
Of lhc donors are dehydrogenating at a much faster than the production of free radicals 
resulling in thc gcncration of wasteful hydrogen gas. Therefore it might be economic to 
SaCriticc some coal dissolution in order to maintain a bettcr solvent quality. 

with solvcnt rccyclc. it could bc that thc contcnu of the 'fastcr donors' are mt being properly 
madc up during solvcnt rchydrogcnation in the sccond stage rather than overhydrogenation of 
thc solvcnt to saturates. Conscqucntly i t  is imponant not only to monitor the total hydrogen 
donor contcnt of thc solvcnt but also to analysc thc solvent for its content of the various 

Ccnain donors will be dcplctcd morc rdpidly than olhers and, if dissolution stam to decrease 
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hydropyrenes and hydrophcnanthrcnes. a task that should be. possible by gc analysis of the 
solvent. Based on these asscssmcnts it should be possible to control the second stage 
conditions to ensure the current balnncc between hydrogenation and hydrocracking. 
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tvent 

Fiqure 1. Gas chromatcqram for solvent E (ramp rate E0C min-') 
and a recycle solvent (ramu rate 50C min- l )  
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Fiqure 2. Plots of Dercentaqe dissolution vs time for the 
five model solvents A-E 

F i w e  3. Gas chromatogram of a hexane-soluble material fraction 
of a coal liquid 
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